Quantum state transfer between fields and atoms 
in Electromagnetically Induced Transparency 
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We show that a quasi-perfect quantum state transfer between an atomic ensemble and fields in 
an optical cavity can be achieved in Electromagnetically Induced Transparency (EIT). A squeezed 
vacuum field state can be mapped onto the long-lived atomic spin associated to the ground state 
sublevels of the A- type atoms considered. The EIT on-resonance situation show interesting similari- 
ties with the Raman off-resonant configuration. We then show how to transfer the atomic squeezing 
back to the field exiting the cavity, thus realizing a quantum memory-type operation. 

PACS numbers: 42.50.Lc, 42.65.Pc, 42.50.Dv 



I. INTRODUCTION 



If photons are known to be fast and robust carriers of 
quantum information, a major difficulty is to store their 
quantum state. In order to realize scalable quantum net- 
works [1] quantum memory elements are required to store 
and retrieve photon states. To this end atomic ensem- 
bles have been widely studied as potential quantum mem- 
ories [2, 3]. Indeed, the long-lived collective spin of an 
atomic ensemble with two ground state sublevels appears 
as a good candidate for the storage and manipulation 
of quantum information conveyed by light [4]. Various 
schemes have been studied: first, the recent "slow-" and 
" stopped-light" experiments have shown that it was pos- 
sible to store a light pulse inside an atomic cloud [5, 6] 
in the Electromagnetically Induced Transparency (EIT) 
configuration [7] . EIT is known to occur when two fields 
are both one- and two-photon resonant with 3-level A- 
type atoms, which allows one field to propagate without 
dissipation through the medium. However, the storage 
has only been demonstrated for classical variables so far. 
On the other hand, the stationary mapping of a quantum 
state of light (squeezed vacuum) onto an atomic ensem- 
ble has been experimentally demonstrated, this time in 
an off-resonant Raman configuration [8] and in a single 
pass scheme. Squeezing transfer from light to atoms is 
also interesting in relation to "spin squeezing" [9] and 
has been widely studied [10-15]. 

In this paper, unlike the single-pass approaches, we con- 
sider a cavity configuration, allowing a full quantum 
treatment of the fluctuations for the atom-field system 
[12]. We show that it is possible to continuously transfer 
squeezing, either in an EIT or Raman configuration, be- 
tween a cloud of cold 3-level A-type atoms placed in an 
optical cavity and interacting with two fields: a coherent 
pump field and a broadband squeezed vacuum field. 
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The paper is organized as follows: Sec. II briefly de- 
scribes the system, in Sec. Ill we develop a simplified 
model and study the conditions under which the squeez- 
ing transfer is optimal. Both EIT and Raman schemes 
result in a quasi-perfect transfer, which is not true for an 
arbitrary detuning. In Sec. IV we check that these con- 
clusions are in agreement with full quantum calculations, 
evaluate the transfer robustness with respect to a detun- 
ing from two-photon resonance and generalize to the case 
of non-zero amplitude fields. Last, we present a simple 
readout scheme for the atomic squeezing in Sec. V: the 
squeezing stored in the atomic medium can be retrieved 
on the vacuum field exiting the cavity by switching off 
and on the pump field. The efficiency of the readout pro- 
cess is conditioned by the temporal profile of the local 
oscillator used to detect the outgoing vacuum field fluc- 
tuations, and can be close to 100% by an adequate choice 
of the local oscillator profile. 



II. MODEL SYSTEM 

A. Atom-fields evolution equations 

The system considered in this paper is a set of N 3- 
level atoms in a A configuration, as represented in Fig 
1. On each transition i — ► 3 the atoms interact with 
one mode of the electromagnetic field, Ai in an optical 
cavity (i — 1,2). The detunings from atomic resonance 
are Aj and the cavity detunings A CJ -. The 3-level sys- 
tem is described using 9 collective operators for the N 

N 

atoms of the ensemble: the populations IL = K)u (*L 

(i = 1 — 3), the components of the optical dipolcs Pi 
in the frames rotating at the frequency of their corre- 
sponding lasers and their hermitian conjugates and the 
components of the dipole associated to the ground state 

N 

coherence: P r — |2) (1| and P},. The atom-field 

n=i 

coupling constants are defined by <?i = Soidi/H, where di 
are the atomic dipoles, and £qi — y/huJi/2eoSc. With 
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FIG. 1: Three-level system in a A configuration. 



this definition, the mean square value of a held is ex- 
pressed in number of photons per second. To simplify, 
the decay constants of dipoles Pi and P 2 are both equal 
to 7. In order to take into account the finite lifetime of 
the two ground state sublevels 1 and 2, we include in 
the model another decay rate 70, which is supposed to 
be much smaller than 7. Typically, the atoms fall out of 
the interaction area with the light beam in a time of the 
order of a few millisecond, whereas 7 is of the order of 
a few MHz for excited states. We also consider that the 
sublevels 1 and 2 are repopulated with in-terms Ai and 
A2, so that the total atomic population is kept constantly 
equal to N. 

The system evolution is given by a set of quantum 
Heisenberg-Langevin equations 



Hi 

n 2 
n 3 

Pi 
Pi 
p, 

ii 

A 2 



igiA\l\ - igiAtP} + 7II3 - 7o ni + Ai + F n 
ig 2 AlP 2 - igA 2 P\ + 7II3 - 70II2 + A 2 + F 22 
-(»5i4^ ~ igiAiPl) - (ig 2 A\P 2 - ig 2 A 2 P\) 

-2 7 n 3 + f 33 

-(7 + iA 1 )P 1 + igtA^Ilt - n 3 ) + ig 2 A 2 P}. 
-(7 + iA 2 )P 2 + ig 2 A 2 (n 2 - IT3) + igiA x P r 
-( 7o - iS)P r + igiA\P 2 - ig 2 A 2 P\ + f r 



Fi 

F 2 



-(k + iA c1 )A 1 + -^-Pj 

T 

-(K + iA c2 )A 2 + l -^P 2 

T 



A\ n 
AT 



where gi^ 2 are assumed real, S = A\ — A 2 is the two- 
photon detuning, k is the intracavity held decay and r 
the round trip time in the cavity. The P's are standard 
(5-correlated Langevin operators taking into account the 
coupling with the other cavity modes. From the previous 
set of equations, it is possible to derive the steady state 
values and the correlation matrix for the fluctuations of 
the atom-fields system (see e.g. [12]). 



B. Decoupled equations for the fluctuations 

In the case (A™) = and A 2 — Njo, all the atoms are 
pumped in |2), so that only (tt 2 ) is non zero in steady 
state. Here, we assume that (A 2 ) is zero, even if the 
number of intracavity photons is non-zero stricto sensu 
for a squeezed vacuum, this assumption is valid as long 
as the number of intracavity photons is much smaller 
than the number of atoms. In this case, the fluctuations 
for SP r , 8P 2 and 5A 2 are then decoupled from the other 
operators fluctuations 



SP r = 
SP 2 = 

SA 2 = 



-(70 - iS)SP r + iQSP 2 + f r 

-(7 + iA)SP 2 + iQSP r + igN8A 2 + F 2 



-(n + iA c )6A 2 



■>g 



SP 2 + 



SAl 



(1) 
(2) 

(3) 



To simplify, we omit the subscript 2 for <?, A and A c , and 
assume that the Rabi pulsation associated to the pump 
field = gi(Ai) is real. The atomic spin associated 
to the ground states is aligned along z at steady state: 
(Jz) — (712 — 7r i)/2 = N/2. We will place ourselves in 
this situation, which not only allows for analytical calcu- 
lations and provides simple physical interpretations, but 
can also be generalized to arbitrary states for fields A\ 
and A 2 , as we will show further. 

To characterize the quantum state of the atomic ensemble 
we look at the fluctuations of the spin components in the 
plane orthogonal to the mean spin: J x = (P r + P r f)/2 
and J y — (P r — P})/2i. The spin component Jg — 
J x cos 9 + J y sin 9 in the {x, y)-plane is said to be spin- 
squeezed when its variance is less than the coherent state 
value I (J z ) |/2, and the degree of spin-squeezing is given 
by [16] 



A J 2 ■ = 



A Jo 



IWI/2 



< 1 



(4) 



III. ADIABATICAL ELIMINATIONS IN THE 
LOW FREQUENCY LIMIT 

A. EIT configuration 

Since the ground state sublevels have a long lifetime 
compared to the excited state (70 -C 7), and in the bad 
cavity limit (k > 7), the atomic spin associated to levels 
1 and 2 evolves much slowly than the held or the optical 
coherence. Fourier-transforming Eqs. (1-2-3) and adia- 
batically eliminating 8P 2 and SA 2 , one gets a simplified 
equation for the ground state coherence fluctuations 



7o 



id 



n 2 (n + iA c ) 



dP r (tu) 



(5) 



gNn j2n.. in . , + iA c ) , , . . 

\— 5AT (u ) + — ^-j L F 2 {oj)+ / P (w 

a V t a 



with 



(k + iA c )(j + iA) + 



g 2 N 
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In the so-called EIT configuration, the fields arc onc- 
and two-photon resonant: A = S = 0. Moreover, for the 
squeezing transfer to be optimal, one must have a zero- 
cavity detuning: A c = [12, 15]. The equations for the 
spin components in the (a;, y)-plane are then 



(70 - iuj)SJ x = 



(70 - iu))5J y 



i^—6A™ + f x (6) 

7(1 + 2C)VT 9 Jv K ' 



1+2C ' 



with an effective decay constant 70 = 70 
£l 2 /7 being the one-photon resonant pumping rate. T = 
2kt is the coupling mirror transmission of the single- 
input cavity and f x , f y are effective Langevin operators 



fx fx 



7(1 



J? 

2C) v ' 



fy ~ fy 



7(1 + 2C) 



F x (8) 



A 2 + A, 



2 and A q 



i(A 2 — A 2 ) arc the standard 
amplitude and phase quadratures for the squeezed vac- 
uum field. Although the two modes Ai_ 2 do not need to 
be orthogonally polarized modes, it is rather convenient 
for the discussion to consider them as a + and cr_ modes 
of the field. In order to stress the similarity between the 
atomic spin and the Stokes vector which characterize the 
polarization state of the light, we introduce 

S = 4Ax + 4a 2 , S y = i{A\A 2 -A 1 A\) 
S x - -(A\A 2 + A 1 A\), S z = A\A X - A 2 A\ 

The Stokes operators obey similar commutation relations 
[Si,Sj] — 2eijkSk (i = 1,2,3) similar to the atomic spin 
and therefore provide a useful and intuitive representa- 
tion of the quantum state of the field in our situation. 
Since we assumed (A 2 ) = 0, the Stokes vector is parallel 
to the atomic spin: (S z ) = (Ai) 2 and (S x ) = (S y ) = 0. 
Let us assume that the incident vacuum is squeezed for 
the amplitude quadrature A p and that the squeezing 
bandwidth is broad with respect to the cavity bandwidth, 
so that its minimal noise spectrum is ((SA 1 ™) 2 ) = e~ 2r . 
As 5S X = — (Ai)SAp 7 the field is also said to be S x - 
polarization squeezed. 

It is easy to see that the first terms in the r.h.s of (6-7) 
derive from an effective Hamiltonian 



H E = -h 



2 5 2 



7 (l + 2C)Vr 



f 7 oin 7 ov 



(9) 



The Langevin forces in (6-7) being white noises, their 
contribution to the atomic noise is the same for any com- 
ponent in the (x, y)-plane. By looking at (6-7), one can 
see that, for a S^-squeezed incident field, the least noisy 
spin component will be the x-component. Its normalized 



variance is 



AJ 2 ■ = 



1 



\(Jz)\/2 
2C 



± J duj(5J 2 x (co)) 



-2r 



1 + 2C (1 + 2C)7o 



(1 



(10) 



+ £ To 
2C) 2 7o 7o 



We used the fact that (f x (u>)f x (w')) = 2ttS(lu+uj') N-y /2 
and (Fy(uj)Fy(uj 1 )) = 2ttS(oj+w') N-y/2. The three terms 
in (10) can be understood as the coupling with the inci- 
dent field (oc e~ 2r ), the noise contribution of the optical 
dipolc (a T^;) and the noise due to the loss of coherence 
in the ground state (a 70), respectively. We characterize 
the transfer efficiency as the ratio of the atomic squeezing 
created in the ground state to the incident field squeezing 



n 



1 - A J 2 

rain 

l-e~ 2r ' 



perfect transfer corresponding to rj — 1. In an ideal EIT 
configuration and in the lower frequency approximation, 
this parameter thus takes the form 



Ve 



2C T E /(l + 2C) 
l + 2C 7 o + r B /(l + 2C) 



(11) 



The transfer is almost perfect - r\E ~ 1 - for a good 
cooperative behavior (C 3> 1) and when the effective 
EIT pumping is much larger than the loss rate in the 
ground state \Te/(1 + 2C) 3> 70]- Note that, for a closed 
system (70 = 0) , the efficiency takes the extremely simple 
form 



2C 



Coupling 



1 + 2C Coupling+ Atomic Noise 



which emphasizes the central role played by the coop- 
erativity to quantify the atom/field interaction in cav- 
ity. The noise degrading the transfer [oc 1/(1 + 2C)\ can 
thus be made very small with respect to the coupling 
[oc 2C/(1 + 2C)] by increasing the cooperativity, i.e. for 
large atomic samples (C oc N). In a cavity configura- 
tion, the cooperativity easily reaches 100-1000, ensuring 
in principle a perfect transfer. 



B. Analogy with the Raman configuration 

In a previous work [15], we studied squeezing transfer 
in a A system in the case where the fields are strongly 
detuned with respect to the atomic resonance (A12 3> 
7). In such a configuration the three- level system can be 
reduced to an effective two-level system for the ground 
state. We denote the Raman optical pumping rate by 
= 7il 2 /A 2 . When the effective two-photon detuning 
S = S + ft 2 / A, as well as the effective cavity detuning 
A c = A c — g 2 N/ At are cancelled, the equations for the 



x, y-spin components read 



g 2 N 



(jo-iu)SJ x = +^-j=5S y n + f x (12) 



(70 - i(jj)5J y = - 



g 2 N 



aVt 



6sz 



with 70 = 70 + (1 + 2C)T R and 



fx fx 



p 

A 



fy ~ fy 



Q 
A 



Fx 



(13) 



(14) 
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These equations were derived from the effective equations 
given in [15] by eliminating the intracavity field and in- 
troducing the incident Stokes vector as in the previous 
Section. As in EIT, one can deduce an effective Raman 
Hamiltonian 



H R = h 



2g 2 



[J X ST + Jys; n ] 



(15) 



Assuming again a S^-squeezed incident field, the minimal 
variance is now that of the y-component, and one gets the 
following efficiency 



2C 



VR = 



(1 + 2C)T R 



1 + 2C 7o + (l + 2C)r, 



(16) 



The similarity between the EIT and Raman configura- 
tion appears clearly by comparing (6-7-8-11) to (12-13- 
14-16). The equations are formally identical by making 
the substitution 



(1 + 2(7)7 



A 



(17) 



The important result is that the transfer efficiency takes 
the same form in both the on-resonant and strongly off- 
resonant situations 



2C* 



V = 



1 + 2C 70 + r 



(18) 



with r = 



1 + 2C 



or (l + 2C*)ri 



The effective pumping rate, T = Te/(1 + 2(7) or 
(1+2C)Fr, is obtained in each case by making the substi- 
tution (17), and can be made much larger than 70 with an 
adequate choice of tt. Note, however, that the EIT and 
Raman Hamiltonian are identical to a spin rotation by 
7r/2 in the (x, y)-plane. We retrieve a well-known "7r/2" 
phase-shift phenomenon when going from " on-rcsonance" 
to " off-resonance" . 



C. Transfer for an arbitrary detuning 

The predictions given by the low frequency approxi- 
mation in both the EIT and Raman configurations could 
lead one to expect squeezing transfer for any value of the 
one-photon detuning A, provided one maintains the opti- 
mal transfer conditions A c = 5 = 0. Moreover, given the 
7r/2 rotation of the squeezed spin component when going 
over from on-resonance to off- resonance, one expects the 
squeezed component to continuously rotate from to 7r/2 
when the detuning is increased. 

Using (1-3-5) one finds the optimal transfer conditions to 
be 



2Ck 



7A 



Q 



S + Ti 



T + A 
7A 3 + (1 - 2C) 7 3 A 
(7 2 + A 2 )[(l + 2C) 7 2 + A 2 



(19) 
(20) 
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FIG. 2: Transfer efficiency versus A for 70 = [plain] and 
70 = 7/1000 [dash] (C = 100, -y E = 15). 



Eq. (5) then leads to the general equation for the spin 
component Jg with angle 9 in the (x, y) plane 



{%-iw)8J e = a5A m {9-4>) 

+/3[e-' i ( 9 -^F 2 + e l( 
+ [e' ie f r + e w p r ]/2 



(21) 



with a, f3, 70, <f> and <fi' functions depending on A. Start- 
ing again with a ^-squeezed field, the squeezed spin 
component will be J^. After straightforward calculations 
the optimal efficiency for a given A is 



VA 



2c 7g (i + A 2 ; 

(1 + 2C + A 2 



(22) 



1 



a(l + A 2 )(l + 2C + A 2 ) + 7B (1 + (1 + 2C)A 2 ) 

with a = 70/7, 7b = 1^/7 and A = A/7. This efficiency 
is plotted in Fig. 2 for the two cases considered previ- 
ously: 70 = and 70 — 0. In the first case the efficiency is 
optimal in EIT (A = 0, 77A = f] max ), decreases to a mini- 
mum for I A I = 1 (77 ~ 2/(7 <C 1) and increases again back 
to its maximal value rj max when A > 1. The squeezed 
component angle can be shown to be sq = Arctan A, 
which varies as expected by 7r/2 when A goes from to 
infinity. One retrieves that the transfer is optimal cither 
in an EIT or a Raman configuration. However, the trans- 
fer is really degraded in the intermediate regime A ~ 1. 
If one takes into account losses in the ground state 
(70 7^ 0)) the efficiency now reaches a maximum for 
A > 1 



for 




(C » 1, 70 « T E ) 



before decreasing when the coupling in (1 + 2C)Tr be- 
comes too small as A is increased (f2 being fixed) to com- 
pensate for the noise associated to the loss of coherence 
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70 [see Eq. (16)]. These effects stress the fragility of the 
squeezing transfer with respect to dissipation and explain 
why dissipation-less situations like EIT or Raman are fa- 
vorable. 



IV. FULL THREE-LEVEL CALCULATION 

From the Heisenberg-Langevin equations given at the 
beginning we calculated without approximation the spin 
covariance matrix and now compare it with the analytical 
model used in the previous Sections. 



Exact calculation in EIT 



0.95 




0.85 



In the previous sections we neglected the frequencies 
larger than the atomic fluctuations evolution constant 
70, assuming that /c, 7 3> 70- We therefore neglected 
high atom-field coupling frequencies due to the cavity. 
However, the analytical calculation of the minimal spin 
variance in EIT is possible using the Fourier transforms 
of (1-2-3). In EIT (A = A c = 5 = 0), the resulting 
equation for the x-component reads 



7o 



SJr. = 



g 2 N 



D(cj) 

with D(lj) = (k — iu))(^f — iuj) + 




If the incident field is ^-squeezed, we know the re- 
component will be squeezed. However, a well-know cou- 
pling frequency (uj c ~ y/2C / pry) appears at high fre- 
quency [12], resulting in an increase of atomic noise, and, 
consequently, in a degradation of the atomic squeezing. 
After integration, the exact efficiency is 



Ve = 



2C 1E 



(l + 2C)a + lE 



(23) 



1 



up 



2(7(1 + p) + (l + o-)(l + p + ap + op 1 +7ep 2 ) 

with 7s = Te/i, p = 7/k and a = 70/7. Three regimes 
can be distinguished: for very small values of the effec- 
tive pumping r = r^/(l + 2C) compared to the loss rate 
in the ground state 70, one retrieves the low frequency 
(11) result as can be seen from Fig. 3: the efficiency is 
bad as long as the loss of coherence in the ground state 
70 is not overcome by the pumping. In an intermediate 
regime 70 < T < 7,k the efficiency reaches its maxi- 
mum. The optimal pumping rate j E can be shown to be 
proportional to yfd 



Te 



1 + 2C 



yi + p 
9 



(C»1,<7<1) 



FIG. 3: EIT Transfer efficiency versus EIT pumping rate: an- 
alytical (23) [plain], low frequency approximation (11) [dots] 
and lossless system (24) [dashed]. The three regimes are I 
(r < 70), II (70 <C T < 7, k) and III (r > 7, ft). Parameters: 
C — 100, a — 1/1000, p = 1/2. The optimal pumping rate is 
then 7J; ~ 15. 



in good agreement with the results shown in Fig. 3. For 
values of T comparable to 7, k, the efficiency is no longer 
well reproduced by the low frequency approximation, 
since the adiabatical eliminations are no longer valid. In 
this regime, the efficiency asymptotically reaches that of 
a closed system (70 = 0), for which (23) reduces to a 
monotonously decreasing function of 7^ 



V°H = 



2C 



1 + 2C + 7 B 



(24) 



The optimal transfer is naturally obtained by making a 
compromise between the coupling and the atomic noise, 
and occurs in the intermediate regime II between regime 
I, for which the coupling is small and the atomic noise due 
to ground state coherence losses dominates, and regime 
III, in which the coupling is large, but the atomic noise 
due to spontaneous emission is more important. 



B. Robustness with respect to two-photon 
detuning 

In a A scheme, the coherence created between the 
ground state sublevels strongly depends on the two- 
photon resonance, the width of which is given by the 
effective atomic decay constant 70. In Fig. 4 we plot the 
transfer efficiency for the least noisy spin component as 
a function of the two-photon detuning for a zero-cavity 
detuning, that is, when (19) is fulfilled, but not (20). In 
addition to rotating the maximally squeezed component 
in the (x, y)-plane, the spin squeezing is clearly destroyed 
as soon as 6 ~ 70 ■ We would like to emphasize that 
both EIT and Raman configurations are equally sensitive 



6 



to this two-photon resonance condition. This similarity 
adds to the resemblance already stressed in Sec. IIIB. 




50 100 150 200 5/y ( 



FIG. 4: Transfer efficiency versus 5/fo in EIT [plain] and 
Raman [dash] schemes. Parameters: C = 100, a = 1/1000, 
e~ 2r = 0.5. With these values, Ye and Fr are chosen so that, 
in both cases, 70 ^ 757o- 



One finds naturally that one cannot transfer more than 
the squeezing of one mode. 

V. READING SCHEME AND QUANTUM 
MEMORY 

We have shown how the quantum state of the inci- 
dent field could be transferred to the atomic spin in the 
ground state. Note that the lifetime associated to the 
ground state is quite long for cold atoms, and therefore 
the quantum information can be stored for a long time 
(several ms) . Let us start with our spin squeezed atomic 
ensemble and switch off the fields at time t = 0. The 
spin squeezing then decreases on a time scale given by 
the ground state lifetime 7^ 1 . After a variable delay, we 
rapidly switch on again the pump field, field A\ n being in 
a coherent vacuum state, and we look at the fluctuations 
of the field exiting the cavity A° 2 ut = VTA2 - Af. Let 
us assume an EIT configuration for simplicity and start 
with a ./^-squeezed atomic spin; one expects its fluctu- 
ations to imprint on the S x component of the outgoing 
field [see (9)]. 



C. Transformation to the " (A2) = 0" basis 



A. Standard homodyne detection 



In this Section we show that any incident field state 
can actually be transferred to the atoms in EIT. To sim- 
plify the discussion let us assume again that the modes 
A\ 2 interacting with the transitions of the A system are 
orthogonally polarized modes. Because of the similarities 
existing between the Stokes vector and the atomic spin, 
the results obtained in the special case (^2) = and 
(J z ) = N/2 considered previously can be applied to any 
polarization state of the incident field. The Hamiltonian 
for a A system in EIT reads 

H = %[giA\Pi + g 2 A\P 2 + h.c] 

If both (Ai) and (^2) are non-zero, one can always turn 
to a basis (A^A'2) for which (A' 2 ) = via a rotation 
R in the Poincare sphere. The Hamiltonian is invariant 
under the same rotation performed on the atomic spin, 
the atoms are pumped into the dark state \D) = R|2) 
and the A' 2 field state will thus imprint on the atomic 
spin. Let us assume, for instance, that A\ and A 2 have 
minimal noises e~ 2ri for the same quadratures and take 



then 



(i = 1, 2) as real numbers. The dark state is 



\D) 



-n 2 |i) + ni|2) 



The minimal atomic variance is then a weight of the A\^ 2 
modes squeezings 



A V 



-2ri 



-2r 2 



We assume a standard homodyne detection scheme 
with a constant local oscillator and calculate the noise 
power of A° ut measured by a spectrum analyzer inte- 
grating during a time T over a frequency bandwidth Aw 
centered around zero-frequency 



Pit) 



n 1 ' 



t+To 



dr ' e -Mr-T') c(T y) 



where C(r,r') = (8A° ut {T)5A° ut {T')) is the correlation 
function of A° ut . Note that To and Aw must satisfy 
TqAuj > 2tt. In the low frequency approximation and in 
the "good" regime for transfer (70 <§; P_e/(1+2C) <C 7, k; 
see Sec. IV A), the correlation function of A° ut may be 
calculated via the Laplace-transforms of Eqs. (1-2-3) 



C(r,r') = 5(t-t') - 



ACT, 



(1 + 2C7) : 



;Rate 



-70 (t+t') 



(25) 



where R a t = 1 — ^Jmin represents the atomic squeezing 
when the pump field is switched on again. After some 
algebra, one gets 



1 

Auj 



P(t) = l-S(a,b)R at e 



~27ot 



where S is an integral depending on two dimensionlcss 
parameters: a — Tq^q and b = Aw/70, which, for large 
values of C, is equal to 



S(a,b) 



b/2 dui 1 + e- 2a - 2e~ a cos(wa) 



-b/2 



ab 
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with Co = lu/jo- This integral, which can be understood 
as the signal-to-noise ratio of the readout process, is also 
the ratio of the measured field squeezing R ou t = 1 — 
P(0)/Aco to the initial atomic squeezing R at . Squeezing 
may thus be transferred back from the atoms to the field. 
This squeezing decreases back to a coherent vacuum state 
on a time scale ^q 1 given by the atoms. S(a, b) is optimal 
when the spectrum analyzer is Fourier- limited: b = 2w/a, 
and when the time measurement is of the order of the 
inverse of the atomic spectrum width: a ~ 1.3. Under 
these conditions, the integral is about 0.64, and about 
two-third of the atomic squeezing is transferred to the 
field exiting the cavity: R out — 0.64i? at . 



B. Temporal matching 

This imperfect readout comes from the fact that the lo- 
cal oscillator detecting the fluctuations of vacuum mode 
exiting the cavity is not perfectly matched with the 
atomic squeezing spectrum [14]. It is possible to reach a 
perfect readout by choosing the right temporal profile for 
the local oscillator: Elo(t) = e~^ aT , with ( a dimen- 
sionless adjustable parameter. The spectrum analyzer 
now measures 



duo f t+To f t+T ° 
Pit) = P dr dr> 



■ilu{t — t') 



xE lo (t)E lo (t')C(t,t') 
Using the correlation function (25), one gets 

-±-P(t) = N(a,()-S(a,b,()e- 2;iot Rat 
1 - e- 2C - a 

with NM = —^— 

a/ L „ 2 f b ' 2 , 1 + e -2a(i+C) _ 2e -«(i+0 cos(a^) 
S(a,b,Q = -r / duo — - — - 

N(a, C) represents the noise level in the absence of atomic 
squeezing and S(a, b, Q the amplitude of the atomic 
squeezing transferred to the field. The field squeezing 
can be expressed as 



Routit) = 1 



Pit) 



AcoN(a,C) N(a,() 



and, for short times, the readout efficiency is fi = 
Rout(0)/R a t = S(a,b,Q/N(a,Q- This efficiency is op- 
timized when the spectrum analyzer is Fourier limited 
and when the integration time is larger than the in- 
verse of the atomic spectrum width: b = 2n/a and 
a » 1. In this case, one has N(a,Q ~ V(2aC) and 
S(a, b, C) ~ 2/a(l + () 2 , so that the efficiency reads 



It is maximal and equal to 1 when £ = 1, i.e. when the 
temporal profile of the local oscillator perfectly matches 
the atomic noise spectrum. It is thus possible to fully 
retrieve the atomic squeezing stored into the atoms in 
an EIT configuration. Note that the same results can be 
obtained in a Raman configuration, in the regime 70 <C 
(1 + 2C)r^ <C 7, k. In both schemes, to ensure that the 
retrieved squeezing indeed originates from the atoms, one 
may vary the delay between the switching on and off, and 
check the exponential decay of the squeezing with 70. 



VI. CONCLUSION 

To conclude, we have shown that a quasi-ideal squeez- 
ing transfer should be possible between a broadband 
squeezed vacuum and the ground state spin of A-type 
atoms. The cavity interaction allows for good transfer 
Our results for a cavity configuration are consistent with 
those obtained in single pass schemes with thick atomic 
ensembles [2, 3, 11, 13, 14], although efforts are still 
being conducted to develop a full free-space quantum 
treatment [17]. The most favorable schemes are those 
minimizing dissipation, such as EIT or Raman [15], for 
the fluctuations of the intracavity field imprint on the 
atomic spin, thus mapping the incident field state onto 
the atoms. The relevant physical parameter for the trans- 
fer efficiency is the cooperativity, which quantifies the 
collective spin-field interaction and which can be large in 
a cavity scheme. The mapping efficiency was evaluated 
taking into account possible losses in the ground state. 
Its robustness with respect to a detuning from the two- 
photon resonance is shown to be the same in EIT and in 
the Raman scheme. We also generalized the EIT results 
to the case in which both fields have non-zero intensity. 
The atomic squeezing is in this case a combination of 
the incident field squeezings. This is related to the fact 
that, in EIT, the atoms are pumped into a dark-state 
and the atomic medium is then transparent for a certain 
combination of the fields. Such a dark-state pumping 
was exploited for doublc-A atoms in [18] to generate "self 
spin-squeezing" using only coherent fields. 

Last, we propose a simple reading scheme for the 
atomic state, allowing a quantum memory-type opera- 
tion. When the pump field is switched back on, the out- 
going vacuum is squeezed by the atoms, and the atomic 
squeezing can be fully transferred back by temporally 
matching the local oscillator used to detect the outgoing 
vacuum fluctuations with the atomic spectrum. To our 
knowledge, it is the first instance in which the conserva- 
tion of quantum variables is predicted in an EIT scheme 
within a full quantum model. 



4C 
(1 + C) 2 
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